Crustal thinning, narrow rifting characterized by localization of strain through large boundary fault activation, and basin subsidence are the signature features of the early stages of continental break-up[@b1][@b2]. Transient excess magmatic upwelling and emplacement covering the inboard portions of continental rift margins follow the early stages of rifting[@b2][@b3][@b4]. Continent break-up/rifting requires tremendous amount of energy. In order to conserve energy, initial rifting sites within continental crust are often spatially associated with pre-existing 'structural heterogeneities' such as suture zones related to ancient orogenic boundaries or regions of the crust with differential thickness[@b2][@b5][@b6][@b7]. A given 'structural heterogeneity' may be exploited by either a mantle-plume (active extension) or a regional stress field (passive extension) associated with plate boundary forces (slab-pull) that becomes a focal point for flood basalt volcanism before developing into an ocean basin[@b8]. Moreover, icosahedral structures with triple-junction configuration form quasi-hexagonal fractures that minimize the total boundary length and produce polyhedral plate configurations, thus minimizing the energy, area, work and stress required to brittely break plates[@b9][@b10].

The amalgamation and break-up of Pangæa exemplifies the secular nature of global tectonic processes as plate stresses transitioned from compressional to extensional during the Late Carboniferous to Early Jurassic[@b6][@b10][@b11][@b12]. There are a number tectonomagmatic models proposed to explain the break-up of Pangæa such as: post-orogenic collapse[@b13], dispersal over a mantle-super plume[@b14], passive rifting and self-subduction of a super-plate[@b11][@b15]. However, in many cases, rifting and magmatism were initiated at old suture zones that formed during the amalgamation stage. Some of the hypotheses provide a partial explanation for the break-up of the Gondwana portion of Pangæa specifically during the Jurassic to Cretaceous but do not adequately address an earlier period of rifting[@b5][@b11].

The break-up of Gondwana began during the Early Permian along a \~13,000 km long NW-SE oriented continental rift just as the Late Palæozoic continental ice sheet retreated[@b16][@b17][@b18]. The rifting of terranes from the Tethyan margin of Gondwana produced the ribbon-like continent Cimmeria and the Neotethys Ocean. The rifting of Cimmeria and accompanying magmatism are thought to be related to a regional-scale mantle-plume[@b19][@b20][@b21]. However, geochemical and structural studies of the Panjal Traps (Kashmir), the single largest contiguous outcropping of Early Permian flood basalts associated with Cimmerian rifting, suggest they are related to passive extension that propagated eastward[@b22][@b23][@b24]. In contrast, Early Permian basaltic rocks in Oman (west) and Tibet (east) are each thought to be derived by a mantle-plume and that the Panjal Traps are either an eastern or western extension of rift propagation[@b19][@b20][@b21][@b25]. There are a few discrepancies with ascribing a mantle-plume model to the formation of Cimmeria. For example: 1) plate separation did not occur at or near suture zones that would later be exploited by mantle-plumes during the Mesozoic break-up of East Gondwana ([Fig. 1a](#f1){ref-type="fig"})[@b26], 2) a clearly defined aulacogen associated with the Cimmerian rifts, a feature typical of Mesozoic Pangæan rifts, has not been identified, 3) the Cimmerian rift boundary follows the stress tessellation instead of following the fracture tessellation that produces polyhedral plates ([Fig. 1f](#f1){ref-type="fig"}), and 4) there are no ultramafic volcanic rocks or large radial mafic dyke swarms[@b2][@b26][@b27][@b28] associated with rifting.

A lenticular ribbon shape continent is not unique to Cimmeria as rifted peri-Gondwana terranes (Avalonia, Hunia) had ribbon-shapes during the opening of Rheic Ocean[@b26] as well as the Galatian super terrane during the development of the Palæeotethys. The peri-Gondwana terranes mostly originated as part of collisional island arc systems. For example, Avalonia and Hunia belonged to the Cadomian arc system[@b26][@b29] whereas the Galatian super terrane was a portion of the Variscan orogeny[@b30] and Hanseatic arc[@b31]. It is likely that inherited structural heterogeneities within the peri-Gondwana terranes were reactivated during continental break up.

To better understand the tectonomagmatic development of Cimmeria, we investigate the thermal regime of the basaltic rocks associated with rifting and the structural controls that led to the formation of its lenticular shape. Anomalously hot (\>1550 °C) or ambient (1350 ± 50 °C) mantle potential temperatures (*T*~P~) required to generate the primary melt composition of basalt from within-plate or extensional settings can be calculated from their bulk composition. Thus the mafic rocks from Oman, Kashmir and Tibet can be used to deduce the regional thermal conditions during Early Permian rifting[@b32][@b33]. Furthermore, a detailed geological examination of the rifted margin can help elucidate the boundary conditions that influenced the rift orientation and created the lenticular shape of Cimmeria.

Mantle potential temperature estimates of the Cimmerian rift basalts
====================================================================

The Hawasina, Panjal, Arbor, Nar-Tsum, Bhote Kosi, Selong, Mojiang volcanic groups, Qiangtang mafic dykes and the Garze Ophiolite are amongst the basaltic rocks within the Tethyan terranes of Oman, Pakistan, India and China[@b19][@b23][@b34][@b35][@b36][@b37][@b38][@b39]. Not all of the volcanic and intrusive units are well studied but they are interpreted to be related to the rifting of Cimmeria and formation of the Neotethys Ocean during the Early Permian (300 Ma to 280 Ma).

Basalts that fractionated plagioclase, pyroxene or both are not suitable for primary melt and *T*~P~ calculations because the initial adiabatic temperature-pressure melting path of basalt is similar to the olivine liquidus[@b32]. Consequently only rocks that fractionated olivine can produce meaningful results[@b36]. We calculated the anhydrous accumulated fractional melting primary magma compositions of the Cimmerian rift basalts from Oman, Kashmir and Tibet at atmospheric pressure under both relatively reducing (Fe~2~O~3~/TiO~2~ = 0.5) and relatively oxidizing conditions (Fe~2~O~3~/TiO~2~ = 1.0). The relatively reducing primary melt models produced compositions that range from high-Mg basalt to picrite (MgO = 12.1 wt% to 15.8 wt%) with corresponding eruption (T) and mantle potential (*T*~P~) temperatures between 1260 °C and 1360 °C and 1360 °C and 1460 °C respectively ([Fig. 2a](#f2){ref-type="fig"}). The relatively oxidizing primary melt models are broadly similar to the reducing models in composition but yielded T and *T*~P~ values 20 °C to 50 °C lower for some samples (Dataset S2). Irrespective of the relative oxidation state used in the models, the results show that the temperature of the mantle that produced the primary magmas of the basalts was not anomalously hot but rather similar to ambient mantle conditions (1300 °C to 1400 °C).

Mantle-plumes are thought to have a diameter of \~2500 km as they flatten-out near the top of the mantle[@b27]. Therefore it is unlikely a single mantle-plume could be responsible for volcanism along a \~13 000 km rift zone. [Figure 2b](#f2){ref-type="fig"} shows the range of ε~Nd~(t) values of Cimmerian rift-related basalts. Some of the isotopic variability in the basalts is undoubtedly related to crustal contamination but there is no systematic spatial variation. The Oman, Qiangtang and Mojiang basaltic rocks tend to have more depleted ε~Nd~(t) signatures than the Panjal and Tibet basalts implying local mantle sources (sub-lithospheric vs. lithospheric) were likely responsible for their genesis. Moreover, the *T*~P~ values are not sufficiently different to distinguish a regional thermal trend that would be indicative of a mantle-plume regime (hotter core, cooler margin)[@b40]. The implication is that the Early Permian basalts were not generated within a mantle-plume thermal regime but are more similar to conditions identified at passive rifts and other (i.e. Central Atlantic Magmatic Province, Karoo LIP, North Atlantic LIP) non-plume large igneous provinces[@b41][@b42][@b43][@b44]. Therefore it is highly probable that the Cimmerian rift basalts formed due to passive extension related to plate stress rather than a mantle-plume and that the orientation of the rift basins were structurally controlled by heterogeneities within the crust.

Formation of the Early Permian rifts
====================================

The northward directed slab pull under the E-W trending subduction zones along the northern margin of the Palæotethys is considered to be the main driving mechanism that generated the NW-SE trending 'Cimmerian rifts' ([Fig. 1c](#f1){ref-type="fig"})[@b11][@b12], yet without pre-existing 'structural heterogeneities', no generic relationship can be established to demonstrate the occurrence criteria for rifting sites and the linear extent of rifts over thousands of kilometers. Our plate and geological reconstruction of the Early Permian Tethyan margin of Gondwana indicate that the rifting sites of Cimmeria, marked by temporal and geographical distribution of syn- to post- rifting volcanism along the southern part of the higher Himalaya, do not appear to follow pre-existing structural heterogeneities ([Fig. 1a](#f1){ref-type="fig"}). There are a number of Cambrian Andean-type batholiths along the pre-Tethyan segment of Gondwana that could have behaved as a potential structural heterogeneity but rifting penetrated through the center of the magmatic arc instead of its boundary ([Fig. 1a](#f1){ref-type="fig"})[@b12][@b30][@b31][@b45]. Therefore, in order to resolve the controlling mechanism required to form a ribbon-shaped continent, the mechanical properties of the lithosphere and the temporal and spatial variability of the plate strength must be considered[@b46]. In other words, the structural weak zone likely developed prior to the occurrence of major detachment during the Late Palæozoic.

A link between deglaciation and the formation of structural heterogeneities
===========================================================================

The Late Palæozoic is characterized as a time of large continental and alpine glaciers that covered the Polar regions of southern Gondwana[@b47][@b48]. Although the northern margin of Gondwana had transformed from an Andean-type convergent margin during the Early Palæozoic to a passive rift margin during the Late Palæozoic, major rifting pulses marked by Carboniferous-Permian unconformities and hiatuses within numerous Gondwanan basins occurred during the warmer deglaciation periods[@b17]. The temporal coincidence between rifting and deglaciation suggests there is a possible link between the two.

Incorporating surface processes such as glaciation and weathering to internal lithosphere dynamics has long been explored since the establishment of the glacio-isostasy concept[@b49]. According to Byerlee's Law, the strength of brittle continental crust is determined by a function of pressure-depth rather than rock types or structures making brittlely deformed crust behave as a mechanically uniform media[@b50]. Therefore, large boundary faults can propagate over large distances at depth regardless of the inherited geological features[@b46]. However, in order to initiate brittle failure, typical continental crust requires stress roughly twice the confining pressure. Thus, thicker overburden would lead to larger confined pressure and vertical stress, making brittle failure less likely to occur and explains why large continental ice sheets behave as a protective shield, and tend to suppress tectonic activity[@b51][@b52]. Seismo-tectonic activity and large boundary fault movements occur at the deglaciation front and after glaciation due to glacial isostatic adjustment (GIA) and are widely recognized along both active continental margins and anorogenic settings[@b53][@b54]. Numerical modeling, based upon Fennoscandia, demonstrated a significant decrease of both normal and shear stress and fault stability for regions with an increase of glacial unloading[@b53]. Rheological laws indicate the yield strength of the dry upper crust is governed by Byerlee's Law and are three times weaker under an extensional regime than under a compressional regime ([Fig. 3a](#f3){ref-type="fig"})[@b50]. The maximum brittle strength relative to depth of the passive rifted Cimmerian upper crust without the influence of glacial loading can be estimated (ơ~1~ − ơ~3~) to be 18.6 MPa km^−1^ ([Fig. 3a](#f3){ref-type="fig"})[@b50]. Based on numerical modeling results[@b53], glacial loading would increase the vertical stress to \~30 MPa and consequently depress the lithosphere by \~1 km. Glacial unloading not only reduces the vertical loading stress but the horizontal rebound stress is also reduced up to 7 MPa approximately 10 ka after deglaciation regardless of the background tectonic stress. The 30 MPa vertical loading stress does not significantly increase the brittle strength of the upper crust. However, large differential stress environments can be expected for the deglaciation front as the covered region experiences higher normal and horizontal shear stresses (ơ~1~ − ơ~3~ = 30 + 18.6 MPa km^−1^, [Fig. 3](#f3){ref-type="fig"})[@b50] whereas the retreated region experiences strong postglacial rebound stress (lower normal and horizontal shear stresses). Repeated advance and retreat cycles of major ice sheets can cause major changes in vertical load, fluid pressures and crustal strain that can trigger elastic flexing of the lithosphere and viscous flow in the mantle, hence generate focused regions of structural heterogeneities for tectonic stress to act upon ([Fig. 3](#f3){ref-type="fig"})[@b53][@b54]. By taking the increased hydrostatic pore pressure (λ = 0.7) due to deglaciation into account, the estimated brittle strength of the upper crust after deglaciation is (ơ~1~ − ơ~3~) 5.58 MPa km^−1^ ([Fig. 3](#f3){ref-type="fig"})[@b55]. Furthermore, glacier melt water may fill pore spaces and newly developed fractures that further weaken the upper crust and allows for massive concentrated fault swarm development. Mantle backflow associated with glacial isostatic rebound may induce decompressional melting and thus mantle-derived melts percolate along previously developed fault zones and produce the regional flood basalts as terranes rift away ([Fig. 3](#f3){ref-type="fig"}).

Although the duration, extent, style and demise are debated, the presence of marine glacial deposits around the Kashmir Valley and Salt Range (Pakistan), Southern Qiangtang (Tibet), and Australia is evidence that this region experienced Late Palæozoic glaciation during the latest Carboniferous to earliest Permian[@b17][@b56]. Our reconstruction based upon Asselian and Sakmarian glacial deposits show not only temporal, but geographical coincidence of glacial retreat margins and Cimmerian rifting sites ([Fig. 1d](#f1){ref-type="fig"}). Given the effects of glacial loading on the lithosphere, we suggest that the Southern hemisphere ice sheet may have significantly contributed to the development of structural heterogeneities along an NW-SE trend of Tethyan Gondwana. The formation of structural heterogeneities near the margin of Tethyan Gondawana likely enabled the generation of a linear passive rift margin that extended thousands of kilometers and acted as preferred rifting sites during the opening of the Neotethys Ocean ([Fig. 1](#f1){ref-type="fig"}).

Conclusions
===========

There is a spatial and temporal association between glacial retreat and rifting of Cimmerian terranes from Gondwana during the Late Palæozoic. Ambient mantle potential temperatures estimates of Early Permian Cimmerian rift-related basalts from Oman, Kashmir and Tibet are supportive of an archetypical passive continental rift rather than an active mantle-plume rift with anomalously hot mantle (*T*~P~ \> 1550 °C). Although no inherent structural heterogeneity zones or icosahedral tessellation boundaries were present for rift margins to act upon, it is likely that a large differential stress environment, strong postglacial rebound stress, and the shielding effect of the ice sheet created regions of structural heterogeneities for a later extensional tectonic stress to exploit. Therefore, it is very likely that the eruption of flood basalts, rifting of Cimmeria and the formation of the Neotethys Ocean are directly related to deglaciation of the Late Palæozoic ice sheet. Such a relationship between environmental change and supercontinent break-up may be unique to the Late Palæozoic.

Methods
=======

Plate reconstruction
--------------------

GPlates 1.5 software and the sample source data provided: <http://www.earthbyte.org/Resources/earthbyte_gplates_1.5_data_sources.html> is utilized to reconstruct paleogeography of the breakup of Gondwana and Cimmerian terrane from 300 Ma to 270 Ma. Present-day configuration for major continent, glacial deposits, and flood basalt distribution is utilized. Present-day vector geometry and raster data is attached on a globe surface. Plate tectonic rotation models are used to restore the paleo-spatial arrangement according to poles of rotation for various plates through time. The poles of rotation for each tectonic plate passes through the earth center with an angle that changes over geological time[@b26][@b57][@b58][@b59][@b60][@b61][@b62][@b63]. The sample source data rotation file describes the motions of the continents and oceans are based on data obtained prior to 2012[@b64]. Additional poles of rotation are converted by compiled paleo-magnetic poles for different regions through time[@b59][@b65][@b66][@b67]. Plates rotate rigidly across the globe surface with Africa as the center for relative motion. The commonly accepted versions of Gondwana configuration are adopted with updated paleo-positions of Lhasa, Sibumasu, and the estimated space for greater India[@b44][@b59][@b65][@b67][@b68][@b69]. Afghanistan moved in pair with Iran after 290 Ma[@b12][@b16][@b19][@b66], Sibumasu moved in pair with Qiantang after 289 Ma[@b67][@b70][@b71][@b72]. The distribution of Permo-Carboniferous glacial deposits are reconstructed via tracing the stratigraphic columns within major basins of the Gondwana terrane that have recorded Pangeo Megasequence (PMS)[@b17][@b56]. Local stratigraphic columns[@b73][@b74][@b75][@b76][@b77][@b78][@b79] with glacial marine diamictites[@b56] and reconstructed palaeomaps[@b80][@b81][@b82][@b83][@b84][@b85] are also utilized for identification of glacial deposits through time. [Supplementary Dataset S1](#S1){ref-type="supplementary-material"} lists the detailed description of glacial deposits compiled from references[@b17][@b56][@b73][@b74][@b75][@b76][@b77][@b78][@b79][@b80][@b81][@b82][@b83][@b84][@b85].

Mantle potential temperature calculations
-----------------------------------------

The primary melt compositions and mantle potential temperature estimates were calculated using PRIMELT3[@b24]. The major elemental data of each sample was entered into PRIMELT3 and calculated using an Fe~2~O~3~/TiO~2~ ratio of 0.5 and 1.0, pressure of 1 bar, H~2~O = 0 wt% and the lowest possible FeO content. The rock compositions and accumulated fractional melting (AFM) results are reported in Dataset S2.
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![Early Permian paleo-geographic map reconstructions of Pangæa via open-source software GPlates 1.5 and the database provided within: <http://www.gplates.org/index.html>.\
Please refer to "method" section for detailed settings and list of references. Further geological features such as: pre-existing suture[@b15], orogeny belts, and glacial deposits (Dataset S1) are superimposed on the paleo-geographic locations. (**a**) Gondwana during the Gzhelian stage (299 Ma--303 Ma) showing the distribution of pre-existing Precambrian (thick green lines) and Cambrian (thick purple lines) suture zones, and orogenic belts (dark brown region). The pink region marks the distribution of Pan-African (ca. 500 Ma) magmatism[@b45]. The continent rift margin that separated the Cimmerian terranes is marked by dark green dashed line that does not follow pre-existing suture zones but cuts through Pan-African (500 Ma) magmatic rocks. (**b**) Glacial cover before the Gzhelian stage (299 Ma--303 Ma) indicated by the distribution of glacial deposits on land (grey cross, Dataset S1). (**c**) Maximum glacial extent through Asselian to Sakmarian stage (290 Ma--299 Ma) indicated by the distribution of glacial deposits on land (grey cross) and glacial marine diamictite (grey diamond). (**d**) The beginning of Neotethys rifting and breakoff of Cimmerian terranes around the Artinskian stage (280 Ma--290 Ma). The blue square (Oman), red circle (Kashmir), and orange cross (Tibet) mark the location of Early Permian basalts. The red region marks the continent rift margin. Both temporal and geographical correlation can be observed for the glacial retreat, continent rift margin, and the distribution of Early Permian basalts. (**e**) Continued spreading of the Neotethys Ocean and further rifting between Africa, India and Australia (red region) during the Rodian stage (269 Ma--272 Ma). (**f**) Fracture tessellation defined by major rift margins around Jurassic time (\~200 Ma). Such configuration is similar to an icosahedron arrangement composed of numerous pentagons with hexagons as marked by the white dashed lines[@b10].](srep31442-f1){#f1}

![Mantle potential temperature (*T*~P~) estimates of the Early Permian Cimmerian basalts and variability of Nd isotopes of Cimmerian basalts.\
(**a**) *T*~P~ estimates of the Cimmerian rift basalts in comparison with results from the Central Atlantic Magmatic Province, Emeishan large igneous province (China), Hawaii (Mauna Kea) and Mino-Tamba (Japan). Calculations parameters are summarized in Dataset S2. (**b**) The variability of ε~Nd~(t) of Early to Middle Permian mafic volcanic rocks from west to east across the Himalaya[@b19][@b21][@b24][@b36][@b37][@b39][@b70].](srep31442-f2){#f2}

![Schematic diagrams illustrating crustal evolution and the development of rifting under passive extensional tectonic setting.\
N-S trending cross sections showing the relative thickness of the brittle crust (grey), ductile crust (orange) and mantle (brown). The thickness of ice sheet (pale blue) is assumed to be 3--4 km that induces \~1 km of lithospheric depression[@b53]. (**a)** Hypothetical crustal profile with ice cover during the Gzhelian stage (299 Ma--303 Ma). The region under ice cover is affected by the vertical stress (grey arrow) from the weight of ice sheet. The estimated brittle strength for the upper crust is (ơ~1~ − ơ~3~) equal to 30 + 18.6 MPa km^−1^ and would induce crustal depression (black arrow) and ductile flow (white arrow) of the mantle away from the center of the ice sheet[@b50]. (**b)** Northward advancement of ice sheet around Asselian to Sakmarian stage (290 Ma--299 Ma) further depressed the crust and increased mantle flow. Brittle deformation is suppressed as the increase of vertical stress moved the stress circle (brown - original state; black -- finite state) further away from the Mohr failure envelop (red line). (**c)** Early stage of glacial retreat around the Artinskian stage (280 Ma--290 Ma). The deglaciated region experiences isostatic rebound (pale blue arrow) with estimated brittle strength for the upper crust to be (ơ~1~ − ơ~3~) equal to 18.6 MPa km^−1^ [@b50]. The melted glacier water penetrates the upper crust and increases the fluid pressure (blue arrow) and reduces the brittle strength significantly (ơ~1~ − ơ~3~ = 5.58 MPa km^−1^)[@b55]. The combination of isostatic rebound (brown to dashed black circle) and increased fluid pressure (dashed black to black circle) moves the stress circle towards the Mohr failure envelop and triggers brittle failure and fault swarm development. (**d)** The stress heterogeneity between deglaciated and ice covered regions further weaken the crust. Mantle backflow and crustal rebound induced decompressional melting. Mantle-derived melts upwelled along pre-developed fault zones forming regional flood basalts around the later Artinskian stage (280 Ma--290 Ma). (**e**) Further extension of the crust and ascending of asthenosphere (green) around Rodian stage (269 Ma--272 Ma) completed the break off of Cimmerian terranes.](srep31442-f3){#f3}
